A comprehensive indicator of water use efficiency (WUE) to promote coordinated development between socio-economic and environmental systems was developed. A comprehensive consideration of the social, economic and environmental benefits of water was made in the evaluation index system of WUE and the projection pursuit model combined with chaotic particle swarm optimization was adopted to calculate the comprehensive indicator of WUE. The Huai River Basin (HRB) was selected as a case study area. The temporal change of WUE showed that the annual 
INTRODUCTION
Due to changed climate conditions and intensified anthropogenic activity, water consumption continuously increases nowadays, and therefore has seriously influenced socio-economic development and the ecological environment (Haddeland et al. ) . Increasing water consumption, combined with widely existing water problems such as the irrational utilization of water resources, is believed to aggravate water shortages and could finally result in many other water-related problems. As a result, the concern of water management has turned to how to use existing water resources more effectively. Therefore, the improvement of water use efficiency (WUE) becomes an important way to support the sustainable utilization of water resources (Zoebl ) . by Charnes et al. () , which is based on the mathematical procedure of using linear programming dealing with multiple inputs and outputs to determine the efficiency scores of decision-making units (Hu et al. ) . DEA is simple in operation and does not need massive sample data; however, this method applies with the assumption that no random errors exist in the samples, and the computational accuracy will be seriously affected when random errors exist. SFA is a non-radial, input-oriented measure of input-specific technical efficiency (Karagiannis et al. ) . The production function is established to reflect the relationship between the input resources and output return, and mathematical methods are used to estimate the parameters in the function. SFA explicitly recognizes that each system could be technically inefficient for several reasons that can be explored through statistical methods industries. In addition, although the social and economic benefits of water resources were often considered in the previous evaluation index system, the environmental benefits were usually ignored. However, the environment and ecology are affected by the exploitation and utilization of water and also closely related to the water cycle and regeneration, so the environmental benefits of water cannot be simply ignored in the WUE evaluation (Chen & Du ) .
In this study, the evaluation index system method was adopted. We proposed a comprehensive indicator which was a comprehensive evaluation result of overall, agricultural, industrial, domestic, and environmental WUE. The evaluation index system that we established considered not only the social and economic benefits but also the environmental benefits of water. Then, the comprehensive indicator was computed using the PP model. The common way to solve the PP model was by particle swarm algorithm. In order to prevent the particles' premature phenomenon, we added a chaos optimization to the particle swarm algorithm.
The HRB was selected as a case study. The temporal and spatial changes of WUE in the HRB were analyzed in our study to better understand the variations of WUE.
METHODS

Structure of the evaluation index system
In this study, the evaluation index system of WUE was determined with a comprehensive consideration of the social, economic and environmental benefits of water. In detail, the social and economic benefits of water contained four index categories that were commonly used in the previous studies, including the overall, agricultural, industrial and domestic indexes.
On the other hand, four environmental indexes were also ing to water quality conditions, rivers and lakes were classified in four broad categories (protection water areas, storage water areas, development and utilization water areas, and water areas at the junction of provinces) for different usage purposes.
Each broad category was also classified into several minor sorts. All of the waters in a basin were divided into many water functional areas. Different water functional areas corresponded to different water quality requirements. If the water quality of a water functional area fell short of the requirements, the water functional area was unqualified. E4 was a ratio of the number of qualified water functional areas to the total number of water functional areas in a region.
The detailed description of the selected ten indexes is given in Table 1 . In the fourth column of Table 1 , the symbol ' þ '/' À ' means a positive/negative correlation between the index value and the WUE.
PP model with chaotic particle swarm optimization
The basic idea of the PP model is to project data from highdimensions to low-dimensions according to the projection Assume that x*( j,i) is the standardized value of the index j of the following formula should be used:
(ii) Structure the projection objective function
In order to find the structural characteristics of n groups of indexes, numerous groups of projection directions are randomly generated, and we can get the best group of projection directions through a number of updates by the CPSO method. The optimal projection directions were equivalent to the weights of indexes. The projection objective function is the optimization target. The projection value z(i) must extract the greatest possible variance information from x*( j,i); thus, both the standard deviation S z of z(i) and the correlation coefficient between z(i) and the experience evaluation levels y(i) should be as large as possible. Therefore, the projection objective function is given by Equation (2) and the restricted condition of Formula (3) should be as close to 1 as possible:
Restricted condition:
(iii) Optimize the projection objective function
The best group of projection directions (weights) is obtained by optimizing the projection objective function. This is a complex nonlinear programming problem, so the CPSO method is used to solve it. Firstly, the projection directions are randomly generated and optimized by the particle swarm algorithm and the fitness values of the particles are The reasons why the WUE of Anhui was lower were analyzed to reveal the problems of water use in the whole basin. Although the industrial WUE of Anhui was increasing significantly (in Figure 5 , the I1 of Anhui shows a significant decrease), the I1 of Anhui was about 59% higher than the whole basin level in 2013, which shows that the industrial WUE of Anhui was still at a lower level. After years of development, a complete industrial system with a reasonable management system, advanced technologies, and good collaborations among departments and enterprises had been basically constructed in Anhui, but heavy industry was still the predominant part of industrial structure (about 59% in 2013), which consumed large amounts of water and produced more wastewater. Moreover, there were many medium and small industrial enterprises (the percentage of medium and small enterprises was higher than 60% in Anhui), but their distribution was scattered and it was hard to produce scale benefit. In the future, the government and enterprises should perfect the management of and improve the technologies for the sustainable utilization of water resources. 
